Interaction and cross-talk between microtubules and actin microfi laments are important for the cell axis and polarity during plant cell growth and development, but little is known about the molecular components of this interaction. Plant kinesins with a calponin-homology domain (KCHs) were recently identifi ed and associated with a putative role in microtubule-microfi lament crosslinking. KCHs belong to a distinct branch of the minus end-directed kinesin subfamily and so far have only been identifi ed in land plants including the mosses. Here we report the identifi cation of a new KCH from rice ( Oryza sativa ), OsKCH1, and show that OsKCH1 is associated with cortical microtubules and actin microfi laments in vivo . Furthermore, OsKCH1 is shown to bind to microtubules and actin microfi laments in vitro in a domaindependent way . Additionally, this unique type of kinesin is shown to oligomerize both in vivo and in vitro. These fi ndings are discussed with respect to a general role for KCHs as linkers between actin fi laments and microtubules in both cell elongation and division.
Introduction
The plant cytoskeleton comprises two distinct and highly dynamic arrays of microtubules and actin microfi laments. For many processes in cell growth and development, coordination and cross-talk between the two types of fi laments are necessary Galway 2003 , Collings 2008 ) . A variety of microscopic studies in fi xed and living cells have reported that microfi laments co-align and cross-bridge to cortical microtubules. These microtubule-associated microfi laments seem ubiquitous in plants, occurring in many different species and cell types. As shown by drug targeting experiments, interactions between microfi laments and microtubules contribute to the control of cell elongation and tissue expansion ( Seagull 1990 , Blancafl or 2000 , Collings et al. 2006 . Despite the extensive studies on microtubule association of microfi laments, relatively little research has been conducted on the proteins that might mediate them. Interactions between microtubules and actin microfi laments could be mediated either by bifunctional proteins that can bind to both cytoskeletal elements or, alternatively, by a connecting complex of two or more proteins harboring a microtubule-binding and a different actin-binding protein.
In animals and fungi a number of proteins have been identifi ed that mediate such interactions, either in a bifunctional way or as complexes from monofunctional proteins ( Goode et al. 2000 , Rodriguez et al. 2003 . In plants, however, the situation has remained unclear. Recently, kinesins with a calponin-homology domain (KCHs) were identifi ed as a subset of the kinesin-14 family in plants ( Tamura et al. 1999 , Preuss et al. 2004 ) and have been associated with a putative role in microtubule-microfi lament interaction ( Preuss et al. 2004 ).
Plant kinesin-14 proteins differ signifi cantly from their animal counterparts with respect to domain structure and function. While classical animal members of the kinesin-14 family have the motor domain typically located at the C-terminus of the protein, plant class-14 members may have N-or C-terminal or even internal motors.
KCHs are present in land plants including the moss Physcomitrella ( Fig. 1A ), while no animal or fungal counterparts have been identifi ed so far ( Richardson et al. 2006 ). An analysis of the Arabidopsis genome revealed seven copies of theses KCHs, ranging in size from 100 to 128 kDa ( Reddy and Day 2001 ) . As a characteristic, KCHs contain a unique calponin-homology (CH) domain at the N-terminus of each polypeptide Day 2001 , Richardson et al. 2006 ) . Calponin is an actin-binding protein abundantly present in muscle cells, and the conserved CH domain is often found in other actin-binding proteins as well ( Gimona et al. 2002 , Korenbaum and Rivero 2002 ) . Typically, two tandem CH domains are required to mediate actin binding, such as in α -actinin or spectrin, or even four CH domains in the case of animal and plant fi mbrins ( Klein et al. 2004 ) . Although one single CH domain is probably not suffi cient to confer binding to actin microfi laments, it may contribute indirectly to binding or it may be involved in signal transduction ( Gimona et al. 2002 ) . The potential interaction of this kinesin type with actin fi laments has been analyzed in developing cotton A B C Fig. 1 Sequence analysis of OsKCH1. (A) Phylogenetic relationship of OsKCH1 (marked by an asterisk) and other members of the KCH subgroup with several plant and animal kinesin-14 proteins (shaded in yellow) and representatives of the kinesin-1 family (shaded in blue), generated by a maximum likelihood approach with a random stepwise addition of protein sequences. The phylogenetic tree was rooted arbitrarily by using the orphan yeast kinesin ScSMY1 as outgroup. Bootstrap support values were obtained from 100 replicates and only values > 50 are shown in the tree. The clade containing the KCH kinesins is shaded in green. At, Arabidopsis thaliana ; Bm, Bombyx mori ; Dm, Drosophila melanogaster ; En, Emericella nidulans ; Gh, Gossypium hirsutum ; Osi, Oryza sativa ssp. Indica ; Osj, Oryza sativa ssp. Japonica ; Pp, Physcomitrella patens ; Pt, Populus trichocarpa ; Rc, Ricinus communis ; Rn, Rattus norvegicus ; Sc, Saccharomyces cerevisiae ; Hs, Homo sapiens ; Vv, Vitis vinifera ; Xl, Xenopus laevis. All protein sequence data were obtained from Swiss-Prot/TrEMBL. (B) Schematic diagram of the domain organization in OsKCH1 and in the fl uorescent protein fusions used for localization studies, OsKCH1-800 (amino acids 1-800), OsKCH1-mot (amino acids 300-800) and OsKCH1-ch (amino acids 1-480). The full-length protein OsKCH1 has a size of 954 amino acids and harbors a putative kinesin motor domain in the central region, including a conserved ATP-binding motif, a microtubule-binding site and an N-terminal CH domain. An amino acid sequence alignment (not shown) of the putative neck linker region of OsKCH1 and related kinesins shows that the 14 amino acid stretch associated with minus end directionality in the kinesin-14 family ( Endow et al. 1999 ) is partially conserved. (C) Prediction of coiled-coil motifs. A probability > 0.5 indicates that the corresponding region probably forms a coiled-coil. fi bers using a combination of immunofl uorescence and binding studies employing recombinant fragments of KCH ( Preuss et al. 2004 ). The developing cotton fi ber is functionally specialized towards cellulose synthesis and therefore has been used in the past to study cortical microtubules that are especially prominent in this cell type. These microtubule arrays become disoriented upon pharmacological elimination of actin fi laments ( Seagull 1990 ) , which is in contrast to other systems such as the Arabidopsis root ( Collings et al. 2006 ) and indicates that the interaction between microtubules and actin fi laments in the cotton fi ber system has evolved specifi c features in response to the functional specifi cation of this cell type.
In this study we therefore asked to what extent the presumed link between microtubules and actin represents a general function of KCH, and we addressed this question on the one hand in etiolated rice coleoptiles as a model for cell expansion growth and on the other hand in tobacco BY-2 cells as a model for cycling cells. We report the identifi cation of a new KCH from rice, OsKCH1, and demonstrate its association with both cortical microtubules and actin microfi laments in the two model cell systems in vivo and the domain dependency of the association. Furthermore, we show that OsKCH1 binds to microtubules and actin microfi laments in vitro and forms oligomers.
Results

OsKCH1 -a new member of the KCH subgroup of the kinesin-14 family from rice
A BLAST search of the rice genome revealed several putative members of the KCH subgroup in rice, and one of them, OsKCH1 (GenBank accession No. Os12g0547500, SwissProt accession No. Q0IMS9), was chosen for further investigation. The predicted OsKCH1 protein consists of 954 amino acids and has a calculated molecular mass of 106 kDa. It shows only low similarity to the conventional human kinesin HsKinH (13 % sequence identity) but shares about 47 % sequence identity with AtKatD ( Tamura et al. 1999 ) and 45 % with GhKCH1 ( Preuss et al. 2004 ) . In both cases the similarity is more pronounced in the N-terminal region and the central parts, as visible in dot matrix plots of the respective sequences (data not shown). A domain analysis revealed the presence of a CH domain at the N-terminus of the polypeptide and a highly conserved kinesin motor core in the central part ( Fig. 1B ) . Directly upstream of the catalytic core a 14 amino acid sequence was identifi ed that matches the consensus neck motif found among kinesins that move towards the minus end of microtubules (data not shown) ( Endow 1999 ) . Thus, OsKCH1 is probably a microtubule minus end-directed motor.
To determine the evolutionary relationship between OsKCH1 and other members of the kinesin-14 family, a phylogenetic analysis was performed. The corresponding tree is shown in Fig. 1A . OsKCH1, together with GhKCH1 and AtKatD, clustered into a clade with other putative plant KCH kinesins, which is generally in accordance with data previously published by Richardson (2006) . Interestingly, the plant kinesin-14 members AtKatC and AtKatA, the latter known to be a minus end-directed motor with a C-terminal motor domain ( Marcus et al. 2002 ) , formed a branch with members of the KIFC1 family from rat and Xenopus and thus seem more closely related to the KIFC-type kinesins rather than to the plant kinesins of the KCH subgroup. Furthermore, representatives of the plant KCBP family ( Reddy et al. 1996 , Preuss et al. 2003 , Abdel-Ghany et al. 2005 were also found to diverge from the KCHs. Thus, plant KCHs form a phylogenetically distinct subgroup within the kinesin-14 subfamily, possibly indicating distinct characteristics and functions.
OsKCH1-800 is expressed in punctate, fi lamentous structures
In order to gain insight into the function of OsKCH1, a variety of different constructs was generated for transient and stable expression in planta. For cloning purposes, a RIKEN cDNA clone of OsKCH1 was obtained from the Rice Genome Resource Centre that covered 2,433 bp (811 amino acids) of the target sequence. All constructs were generated as N-terminal fusions with either yellow fl uorescent protein (YFP) or green fl uorescent protein (GFP). A nearly full-length construct (OsKCH1-800: residues 1-800) contained both the CH and the motor domain, while two truncated versions encoded either the N-terminal part with the CH domain (OsKCH1-ch: residues 1-473) or the central region containing the motor core (OsKCH1-mot: residues 300-800) ( Fig. 1B ) .
Transient expression of the full-length construct OsKCH1-800 in the homologous rice coleoptile system typically produced a punctate localization pattern of the protein (Fig. 2a) . A preliminary study on the tissue distribution of OsKCH1 had shown that this gene is expressed in coleoptiles (data not shown). The punctate signals were preferentially found in the cell cortex and were often aligned as beads on a string in a transverse orientation. As rice coleoptiles grow exclusively via cell elongation, we used tobacco BY-2 cells to investigate the localization of OsKCH1-800 in cycling cells. Similar to the results from rice coleoptiles, the expression of OsKCH1-800 in interphasic tobacco BY-2 cells yielded a punctate localization of the protein along transversely oriented fi laments in the cell cortex ( Fig. 2d-f ), but also on longitudinally oriented fi lamentous structures in the cell center ( Fig. 2e ) . Additionally, fl uorescent signals were found around the nucleus (Fig. 2b, c, f, g ), often in the form of a perinuclear network ( Fig. 2c ) that seemed to tether the nucleus to the periphery of the cell ( Fig. 2c , g ).
OsKCH1
-mot and OsKCH1-800 co-localize with cortical microtubules Transient and stable expression of OsKCH1-800 has revealed fi lamentous structures in the cell cortex. In order to identify these structures, YFP fusions of OsKCH1 were co-expressed with the microtubule marker MBD-MAP4 (microtubulebinding domain of microtubule-associated protein 4) ( Marc et al. 1998 ) fused to DsRed in etiolated rice coleoptiles. In addition to the full-length construct, we used the truncated constructs OsKCH1-mot, encoding only the kinesin motor core of the protein, and OsKCH1-ch, harboring the N-terminal part of the protein with the CH domain, in order to assign localization patterns to individual protein domains. The truncated OsKCH1-mot construct was found to co-localize with microtubules and to label them in a punctate manner ( Fig. 3A , c-f ). The signals were concentrated particularly in the cortical regions. In contrast, YFP-OsKCH1-ch did not show co-localization with microtubules ( Supplementary  Fig. S1B , c-f), but accumulated around the nucleus and labeled fi lamentous structures that reached from the nucleus to the periphery (Supplementary Fig. S1B ). The full-length construct YFP-OsKCH1-800 produced a punctate pattern of fl uorescence that co-localized with the microtubule marker, which was seen most clearly in the cell cortex ( Fig. 3B , c-e and h-j). Interestingly, YFP-OsKCH1-800 was found additionally to label longitudinally oriented fi lamentous structures that were clearly not stained by the microtubule marker ( Fig. 3B , c and d). Furthermore, strong punctate signals were often found where microtubules and the non-microtubular fi laments cross ( Fig. 3B , d , e and i). To test whether the localization of OsKCH1-800 was dependent on the integrity of microtubules, we investigated the effect of the microtubule polymerization inhibitors oryzalin ( Fig. 3C , a-g) and colchicine (data not shown) on stably transformed tobacco BY-2 cells expressing OsKCH1-800 as a fusion with GFP. At 2.5 h after addition of 10 µM oryzalin, the majority of GFPOsKCH1-800 signals along fi ne fi lamentous structures within the cells were lost and only diffuse signals could be detected ( Fig. 3C , a vs. c) while signals along thicker, longitudinally oriented fi lament bundles were mostly still present (data not shown). Furthermore, punctate signals in the cell cortex were clearly diminished after oryzalin treatment ( Fig. 3C , b and f vs. d and g). In contrast, in control cells incubated for 2.5 h under the same conditions but in the absence of the drug, OsKCH1-800 signals were clearly preserved ( Fig. 3C , h-k). 
OsKCH1-800 co-localizes with longitudinally oriented actin microfi laments
Co-expression experiments with YFP-OsKCH1-800 and MBD-MAP4-DsRed showed a co-localization of the protein with microtubules, but also with a fi lamentous pattern that was not associated with the microtubule marker. In order to investigate whether these fi lamentous targets of OsKCH1-800 might be actin fi laments, OsKCH1-800 fused to YFP was transiently co-expressed with the actin marker FABD2 (fi mbrin actin-binding domain 2) fused to red fl uorescent protein (RFP) in etiolated rice coleoptiles and tobacco BY-2 cells. Again the two truncated OsKCH1 constructs were used in parallel in the experiments to test for the protein domains necessary for localization. The motor domain construct YFP-OsKCH1-mot was found to decorate cortical, fi lamentous structures that were clearly not stained by FABD2-RFP ( Supplementary Fig. 1A , c and d), whereas the full-length construct YFP-OsKCH1-800 co-localized in a punctate pattern with actin fi laments that either surrounded the nucleus or were longitudinally oriented ( Fig. 4A , c and d).
These observations were further supported by tetramethylrhodamime isothiocyanate (TRITC)-phalloidin staining of tobacco BY-2 cells that stably expressed GFP-OsKCH1-800 ( Fig. 4B ). Here, OsKCH1-800 clearly co-localized with longitudinally as well as with transversely oriented actin fi laments. The OsKCH1-800 signals particularly decorated perinuclear actin fi laments and actin bundles that reached from the nucleus to the periphery ( Fig. 4B , c-e). While OsKCH1-800 matched the actin marker in the cell midplane, in the cell cortex punctate patterns of OsKCH1-800 fl uorescence were found that did not show a signal overlap with the actin marker (data not show). This fi nding is analogous to the observation made during the co-expression of OsKCH1-800 and the microtubule marker MBD-MAP4, where only a certain proportion of fi lamentous OsKCH1-800 signals could be attributed to microtubules, whereas a signifi cant part formed fi laments that were not associated with microtubules.
To test whether the localization of OsKCH1-800 was dependent on the integrity of actin fi laments, we treated tobacco BY-2 cells stably expressing OsKCH1-800 as a fusion with GFP with the actin polymerization inhibitors latrunculin B (10 µM) ( Fig. 4C ) and cytochalasin D (100 µM) (data not shown). For both inhibitors, 2 h after treatment the majority of the punctate OsKCH1-800 signals on perinuclear and longitudinal fi laments had disappeared and were replaced by a diffuse distribution of the GFP signal ( Fig. 4C , a and d vs. b and e). The punctate fl uorescence in the cell cortex, however, was not affected and thus appeared to be independent of an intact actin cytoskeleton. Again, in control cells incubated for 2 h under the same conditions, but in the absence of inhibitors, OsKCH1-800 signals were clearly preserved ( Fig. 4C , f and g ).
OsKCH1 co-sediments with microtubules and actin in vitro
The co-localization experiments had shown that OsKCH1-800 was able to decorate both microtubules and actin microfi laments. In contrast, the truncated constructs OsKCH1-mot and OsKCH1-ch showed a localization pattern that pointed towards a domain dependency. We therefore verifi ed the binding of different domains of OsKCH1 in parallel to the full-length protein to either actin microfi laments or microtubules in vitro via co-sedimentation assays with recombinantly expressed proteins. For this purpose the following histidine-tagged versions of OsKCH1 were generated: KCH1-cc1 (residues 1-319); KCH1-cc2 (residues 1-398); KCH1-mot (residues 300-500); and KCH1-cc3 (residues 1-769) ( Fig. 5A ). The proteins were solubly expressed in Escherichia coli , affi nity purifi ed from the cellular extracts via Ni-NTA agarose and analyzed via SDS-PAGE and Western blotting (data not shown). As shown in Fig. 5B , both KCH1-mot and KCH1-cc3 co-sedimented with microtubules in the presence of the non-hydrolyzable ATP analog 5 ′ -adenylylimidodiphosphate (AMP-PNP), while in the absence of microtubules the proteins remained mostly in the supernatant. KCH1-cc1, in contrast, did not show sedimentation with microtubules. Actin binding assays ( Fig. 5C ) showed clear co-sedimentation of KCH1-cc3 and OsKCH1-cc2 with actin microfi laments, but not of KCH1-mot. Again, in control experiments without actin all proteins were mainly found in the supernatant fractions. These results demonstrate that the N-terminal part of OsKCH1 specifi cally interacts with actin microfi laments, whereas the central protein part binds to microtubules.
OsKCH1 forms oligomers in vitro and in vivo
Sequence analysis using the Lupas algorithm ( Lupas et al. 1991 ) in combination with other sequence routines has defi ned three putative coiled-coil regions in the OsKCH1 sequence, two in tandem upstream and one downstream of the catalytic core ( Fig. 1C ) . Coiled-coils are often associated with protein oligomerization and contain characteristic periodic repeats of seven amino acid residues, where positions a and d are mostly hydrophobic and e and g are often charged or hydrophilic ( Lupas et al. 1991 , Lupas 1996 . To test this predicted oligomerization, we used bimolecular fl uorescence complementation (BiFC) assays for in vivo tests and size exclusion chromatography (SEC) with recombinantly expressed protein for in vitro studies. The BiFC method ( Hu et al. 2005 , Stolpe et al. 2005 ) relies on expression of two proteins of interest as translational fusions to either the N-terminal (YN) or C-terminal (YC) halves of YFP. Neither of the two halves is capable of fl uorescence; only upon close interaction of the fused proteins can they form a functional YFP fl uorophore, which can be detected by standard epifl uorescence microscopy Kerppola 2003 , Hu et al. 2005 ) . A series of constructs ( Fig. 6C ) was generated to express OsKCH1 variants, fused with either YN or YC, in transient transformations of plant cells using particle bombardment. Combinations of all different plasmids were introduced together with transformation control marker plasmids into both etiolated rice coleoptiles and tobacco BY-2 cells. Clear YFP signals were obtained in rice as well as in BY-2 when OsKCH1-800-YN was co-transformed with OsKCH1-800-YC, indicating that the two proteins form a complex in cellula, presumably due to dimerization via the coiled-coil regions ( Fig. 6A, B ) . In both expression systems the signals became visible as fi lamentous structures that had the appearance of actin fi laments, indicating the functionality of the constructs. The reconstituted YFP signal was highly specifi c, because all other construct combinations did not produce a YFP signal although the transformation control plasmids were successfully expressed in the samples (data not shown). This stringent limitation of complementation to only very few or even one combination is consistent with previous reports on BiFC Kerppola 2003 , Hu et al. 2005 ) . Consistent with the BiFC results, SEC gel fi ltration of the recombinantly expressed OsKCH1-mot containing the coiled-coil domains and the motor core showed its oligomerization in vitro. A major protein peak corresponding to the predicted molecular weight of the tetramer was observed that was accompanied by smaller peaks corresponding to the predicted weight of the dimer and, occasionally, the putative monomer ( Fig. 6D-F ) . In control experiments without microtubules, all proteins were found mostly in the supernatant fractions (S) after centrifugation, while in the presence of microtubules KCH1-mot and KCH1-cc3 accumulated in the pellets (P). KCH1-cc1, however, did not sediment together with microtubules. For comparison, samples of the mixtures prior to centrifugation are also shown on the gels (T). (C) SDS-polyacrylamide gels stained with Coomassie Brilliant Blue of a series of actin-binding assays with recombinant KCH1 variants of different domains and sizes. After incubation with 1.5 µM actin microfi laments, KCH1-cc2 and KCH1-cc3 clearly sedimented in the pellet fractions. In the case of KCH1-mot, however, the majority of protein was found in the supernatant fraction. As the protein purifi cations show minor impurities, an additional protein band of slightly higher molecular weight than actin can be found on the gels (marked by an arrow) in the total and supernatant fractions of the actin co-sedimentation, as well as the control experiment. The protein contamination, however, did not co-sediment with actin into the pellet fractions and thus could be ignored.
Discussion
Plant kinesins with a CH domain have recently been identifi ed ( Tamura et al. 1999 , Preuss et al. 2004 ) and have been linked with a putative role in microtubule-microfi lament interaction in developing cotton fi bers ( Preuss et al. 2004 ). For many cell growth and development processes, coordination between microtubules and microfi laments is necessary and, in animals and fungi, a number of proteins have already been identifi ed that mediate such interactions ( Rodriguez et al. 2003 ) . In plants, however, the situation has remained unclear.
In this study we report the identifi cation of a new KCH from rice, OsKCH1, and demonstrate its association with microtubules and actin microfi laments in both a cycling and a non-cycling cell system in vivo. Furthermore, we show that OsKCH1 binds to microtubules and actin microfi laments in vitro and that this association is domain dependent. We thus provide evidence that the presumed link between microtubules and actin represents a general function of KCHs and is not limited only to some highly specialized cell types. Additionally, this report addresses the question of dimerization of this unique type of kinesin and can provide the fi rst results showing that KCHs are able to oligomerize both in vivo and in vitro.
Members of the KCH subgroup were found in all investigated land plants, including the moss Physcomitrella patens , but not in animals, fungi and algae, indicating that this distinct type of kinesin might have evolved specifi cally during the evolution of land plants. This is consistent with fi ndings from a thorough analysis of kinesins in photosysthetic organisms by Richardson et al. (2006) . Interestingly, in the phylogenetic analysis other plant kinesin-14 family members, such as AtKatA or Zwichel ( Reddy et al. 1996 , Oppenheimer et al. 1997 , Marcus et al. 2002 , clustered together with kinesins from animal and fungi rather than with their neighboring plant kinesin-14 family members from the KCH subgroup. Thus, the plant KCHs seem to form OsKCH1-mot protein in SEC gel fi ltration. As shown on the accompanying SDS-PAGE (F), the protein elutes in one major and one minor peak at about 12 and 13.5 ml. One additional peak was found at about 8.5 ml (marked by an asterisk) but did not yield any protein signal on the gel. (E) Comparison of the estimated molecular weights (MWs) of OsKCH1-mot and the MW determined by gel fi ltration. For the determination, the MWs of several reference proteins were plotted over their elution volume (Ve)/void volume (Vo) ratio and a standard curve was generated and used for the measurement of the apparent MW of OsKCH1-mot.
a phylogenetically distinct subgroup within the kinesin-14 subfamily with possibly distinct characteristics and functions. The localization of OsKCH1 was studied in rice coleoptiles as a model system for non-cycling cells and in tobacco BY-2 as a model for cycling cells. In both systems OsKCH1 was localized in the cell cortex and along fi lamentous structures in the cell center and surrounding the nucleus. Coexpression studies showed a co-localization of OsKCH1 with markers for microtubules and actin microfi laments, and in vitro binding assays with recombinantly expressed OsKCH1 and both microtubules and actin microfi laments further underlined these fi ndings.
In vivo, co-localization of OsKCH1 with markers for microtubules and actin was observed in different parts of the cells. In the cell cortex, a clear co-localization with transversely oriented microtubules was found, whereas in the cell center OsKCH1 co-localized to a greater extent with actin microfi laments. In rice coleoptiles, OsKCH1 was predominantly found on longitudinally oriented microfi laments and often the signals accumulated where the transversely oriented microtubules and the longitudinally oriented fi lamentous structures were presumed to cross. In tobacco BY-2 cells, in contrast, OsKCH1 mainly localized to radial actin fi laments, reaching from the nucleus to the periphery. These results are consistent with previously published data on the localization pattern of the cotton KCH homolog GhKCH1 ( Preuss et al. 2004 ) which was found to be associated with cortical microtubules and with actin cables in cotton fi bers. Our results now show that the observed interaction of GhKCH1 with both types of cytoskeletal elements in vivo represents a general feature of KCH proteins that can be found in cycling as well as in elongating cell systems and is not restricted to the highly specialized cotton fi ber cell system. The observed association of OsKCH1 with both microtubules and longitudinally oriented actin fi laments might point to a possible role for the protein in cytoskeletal coordination, possibly regulating the orientation of microtubules and actin microfi laments with respect to each other. OsKCH1 is localized along cortical microtubules, and the in silico analysis of the neck linker region predicts that the protein is a minus end-directed motor. This is consistent with a model where OsKCH1 is involved in the organization of actin microfi laments relative to the minus end of cortical microtubules. Conversely, microtubule minus ends might be oriented through OsKCH1 with respect to the longitudinally arranged actin fi laments.
OsKCH1 was additionally found on actin fi laments surrounding the nucleus in both investigated cell types; however, this was clearly more pronounced in the cycling BY-2 cells, sometimes resulting in a tight perinuclear network structure. This indicates that the localization of OsKCH1 to the nuclear region might be more important and hence more prominent in cycling as compared with non-cycling cells. Further experiments investigating the role of OsKCH1 for cell division and nuclear positioning are currently in progress.
KCHs contain only a single CH domain and, as reported by Gimona et al. (2002) , for actin binding typically two CH domains are required in tandem. Although one single CH domain is probably not suffi cient to confer binding to actin microfi laments, it may contribute indirectly to binding or it may be involved in signal transduction. However, cosedimentation experiments with actin microfi laments and OsKCH1-cc2, a truncated version of KCH encoding the N-terminus of the protein including the CH domain and two coiled-coils, showed a specifi c binding of the protein to fi laments. This is in accordance with data previously published by Preuss et al. (2004) reporting the co-sedimentation of the N-terminal portion of GhKCH1 with actin microfi laments. Interestingly, the protein calponin, which itself also only contains a single CH domain, is an actin-binding protein and has an additional actin-binding site mapped to a region between the CH domain and the C-terminus of the protein ( Gimona and Mital 1998 ) . Thus, it might be possible that a certain portion in the N-terminal part of KCHs, but outside the CH domain, is additionally required for the binding. An alternative possibility to generate protein complexes containing more than one CH domain would be protein oligomerization. Our results from BiFC in vivo assays with transiently expressed constructs of OsKCH1 with split YFP and from SEC with recombinantly expressed OsKCH1-mot indicate that the protein is able to oligomerize, forming either dimers or tetramers. Thus it might also be possible that OsKCH1-cc2 binds to actin microfi laments in a homodimeric or tetrameric complex such that more than one CH domain would be available. Oligomerization is a widely known structural feature of kinesins ( Miki et al. 2005 ) and generally occurs via long coiled-coil dimerization regions. As shown by in silico analysis, OsKCH1 harbors three putative coiled-coil regions, two upstream and one downstream of the motor core, which might be involved in protein oligomerization. We are presently addressing the question of which coiled-coil stretch is required for oligomerization of OsKCH1.
In summary, our results provide evidence that the presumed link between microtubules and actin microfi laments is a general function of KCHs, in both cycling and noncycling cells. Thus, KCHs are unique plant kinesins, able to interact with both actin microfi laments and microtubules, and future studies using loss-of-function and gain-offunction approaches might provide insight into the cellular function of this interesting class of motor proteins. The close interaction of both major components of the plant cytoskeleton has emerged during the past years, but the molecular basis of this interaction is still far from being resolved ( Collings 2008 ) . Models on axis formation in plant cells require a dynamic, signal-controlled interaction between the dynamic instability of microtubules and a lattice that defi nes the directionality of the microtubular disassembly and re-assembly ( Nick 2008 ) . Whether KCHs are components of this dynamic link remains to be resolved, but their molecular properties and their evolutionary characteristics make them good candidates for this function. Irrespective of the answer to this question, the association of the KCHs with actin fi laments or with microtubules seems to be regulated, and the elucidation of the signals and factors participating in this control is expected to allow insight into the biological function of this fascinating class of molecular motors.
Materials and Methods
Sequence analysis of OsKCH1
Putative candidate genes belonging to the rice KCH subgroup were identifi ed in the rice genome via BLAST search using AtKatD ( Tamura et al. 1999 ) as a template. The sequences were aligned with the ClustalW2 tool at EBI ( http://www.ebi.ac.uk/Tools/clustalw2/index.html ) and the alignment was transferred to PhyML ( Guindon et al. 2005 ) for further phylogenetic analysis using a maximum likelihood approach. The phylogentic tree was obtained by a heuristic search method with random stepwise addition of sequences. Bootstrap support values were obtained from 100 replicates. The resulting tree fi le was visualized using iTOL ( Letunic and Bork 2007 ) and rooted arbitrarily using the orphan kinesin ScSMY-1 as outgroup. Protein sequences were additionally analyzed by a diagonal dot matrix plot at a window size of 5 and a stringency of 50 % using the application AlignX in Vector NTI (Invitrogen, Karlsruhe, Germany). For secondary structure analysis, a motif and domain prediction was carried out in SMART ( http://smart.embl-heidelberg.de/ ). A prediction of coiled-coils was performed according to the Lupas algorithm ( Lupas et al. 1991 ) in COILS ( http://www.ch.embnet.org/software/COILS_form.html ).
Preparation of plasmids for plant transformation
A RIKEN cDNA clone of OsKCH1 (clone name: J013034O12, accession No. AK065586), covering the fi rst 811 amino acids of the protein, was obtained from the Rice Genome Resource Centre ( http://www.rgrc.dna.affrc.go.jp/about.html ).
Plasmids for stable and transient plant transformation were constructed via Gateway-based cloning as follows. The sequences corresponding to three different length variants of OsKCH1 (800, residues 1-800; mot, residues 300-500; ch, residues 1-473) were amplifi ed by PCR using the primers p1 (GGGGACAAGTTTGTACAAAAAAGCAGGCTCGATGA TGGCCGCGGCGGTCGAGGA) and p2 (GGGGACCACTT TGTACAAGAAAGCTGGGTACAAAACTTTCGGTCCAC TCATGGTAA) for amplifi cation of the CH domain, p3 (GGGGACAAGTTTGTACAAAAAAGCAGGCTCGATG AATATCACGGAACAGGTCAACCATG) and p4 (GGGGA CCACTTTGTACAAGAAAGCTGGGTAGGCATTGTTCCGG ACCTCTAAGT) for the motor domain and p1 and p4 for the amplifi cation of both domains. The PCR products were recombined fi rst into the Gateway entry plasmid pDONR/ Zeo (Invitrogen) and next into either the destination plasmid p2YGW7 for transient plant transformation ( Karimi et al. 2005 ) , the binary plasmid pK7WGF2.0 for stable plant transformation ( Karimi et al. 2002 , Karimi et al. 2005 or the pMAV vector system for BiFC assays ( Stolpe et al. 2005 ) . The construct sequences were verifi ed by sequencing (GATC, Konstanz, Germany).
Plant materials, transformations and rhodamine-phalloidin stainings
Rice ( Oryza sativa L. japonica cultivar Nipponbare) seedlings were grown in the dark at 25 ° C for 4 d. Transient transformation of rice seedlings was performed essentially as described elsewhere ( Holweg et al. 2004 ). Tobacco BY-2 cells ( Nicotiana tabacum L. cv. Bright Yellow 2) were maintained using standard procedures ( Nagata and Kumagai 1999 ) and transformed by particle bombardment as previously described ( Maisch and Nick 2007 ) . BY-2 cells stably expressing OsKCH1-800 were prepared via Agrobacterium -mediated transformation ( An 1985 ) . Three days after subculture, 2 ml of BY-2 cells were transferred to 60 mm Petri plates and incubated for 3 d with 150 µl of an overnight culture of the Agrobacterium tumefaciens strain LBA 4404 carrying the plant binary vector pK7WGF2.0 encoding OsKCH1-800. After 72 h of co-cultivation, the bacterial cells were washed off and the plant cells were plated on MS agar containing 100 µg ml −1 kanamycin and 100 µg ml −1 cefotaxim. Kanamycinresistant colonies appeared after 3-4 weeks of incubation at 25 ° C in darkness. Cell suspension cultures were established from these colonies and were maintained in liquid MS medium supplemented with 100 µg ml −1 kanamycin. TRITCphalloidin (Sigma-Aldrich, Taufkirchen, Germany) staining of the stably transformed BY2 cells was performed as previously described ( Maisch et al. 2009 ) Treatments with oryzalin, colchicine, cytochalasin D or latrunculin B BY-2 cells of 1-2 d old stably expressing GFP-OsKCH1-800 were treated with 10 µM oryzalin, 2 mM colchicine, 100 µM cytochalasin D or 10 µM latrunculin B and directly investigated under the microscope for a duration of 2-2.5 h. In order to avoid bleaching, images were recorded only once every 30 min. Control treatments were performed by treating the cells with the corresponding volume of solvent [dimethylsulfoxide (DMSO)] and investigating the cells for 2.5 h.
Microscopy and image analysis
Cells were examined under an AxioImager Z.1 microscope (Zeiss, Jena, Germany) equipped with an ApoTome microscope slider for optical sectioning and a cooled digital CCD camera (AxioCam MRm). RFP fl uorescence was observed through the fi lter set 43 HE (excitation at 550 m, beamsplitter at 570 nm and emission at 605 nm). YFP and GFP fl uorescence were recorded through the fi lter sets 46 HE (excitation at 500 nm, beamsplitter at 515 nm and emission at 535 nm) and 38 HE (Zeiss; excitation at 470 nm, beamsplitter at 495 nm and emission at 525 nm), respectively, using either a 63 × plan apochromat oil-immersion objective or a 40 × objective. Images were processed for publication using the AxioVision Software (Zeiss).
Cloning, expression and purifi cation of recombinant OsKCH1
For recombinant protein expression, the sequences corresponding to four different length variants of OsKCH1 (cc3, residues 1-769; mot, residues 300-500; cc1, residues 1-319; cc2, residues 1-398) were amplifi ed by PCR from the cDNA clone and inserted as C-terminal polyhistidine tag fusions into a pET21b vector (Novagen Inc., Darmstadt, Germany) via the Bam HI and Not I sites. The sequences were verifi ed by sequencing (GATC). For protein expression, plasmids were transferred into the E. coli expression strain BL21 Codon Plus (DE3) (Stratagene Inc., Heidelberg, Germany). Cells were grown in LB medium supplemented with 100 µg ml -1 ampicillin. Expression was induced at an A 580 of 0.6 with 50 µM isopropyl-β -D -thiogalactopyranoside and incubated for 3 d at 14 ° C. Cells were harvested, spun down at 5,000 r.p.m. for 10 min at 4 ° C, washed in GB [50 mM Tris-HCl (pH 7.8), 5 mM EDTA, 300 mM NaCl], centrifuged again and resuspended in 1/10 of the original culture volume in GB supplemented with 100 mg ml -1 Na-cholate before freezing at −80 ° C. The slurry was thawed slowly and cells were extracted using a French pressure cell (American Instrument Company, Havernhill, USA). All proteins were at least partially solubly expressed and purifi ed under native conditions as follows: the supernatant was applied to a nickel affi nity column (Qiagen Ni 2 + -NTA agarose matrix) equilibrated with WB [50 mM Tris-HCl pH 7.8, 300 mM NaCl, 5 mM imidazole (Sigma)]. After washing with WB, the proteins were eluted with 250 mM imidazole in 50 mM Tris-HCl pH 7.8, 50 mM NaCl. The eluates were concentrated via AmS precipitation and taken up in the respective buffer (see below) for either microtubule or actin binding assays or for SEC. Protein concentrations were generally determined by Bradford assays with BSA (bovine serum albumin) as standard. The native conformation of the proteins was analyzed via SEC. For this purpose a Superdex 200 HR 10/30 column (Pharmacia, Freiburg, Germany) was calibrated with six proteins of known molecular sizes between 12.4 and 443 kDa (Sigma).
The column was run at 500 µl min −1 with 10 mM Tris-HCl (pH 7.8), 150 mM NaCl and 1 mM EDTA. Samples were loaded via a 100 µl loop. The A 280 was monitored and 500 µl fractions were collected, subsequently analyzed by 10 % SDS-PAGE and stained with Coomassie Brillant Blue R (Sigma).
Preparation of microtubules and microtubule binding assays
For preparation of microtubules, porcine brain tubulin was purifi ed through two cycles of polymerization and depolymerization according to the published methods ( Williams and Lee 1982 , Castoldi and Popov 2003 ) , and polymerized at 37 ° C for 30 min in BRB80 buffer (80 mM PIPES, pH 6.9, 1 mM EGTA, 2 mM MgCl 2 ) supplemented with 1 mM GTP (Sigma) and stabilized by 20 µM taxol (Paclitaxel; Sigma). Prior to each microtubule co-sedimentation assay the OsKCH1 protein preparation was pre-clarifi ed at 80,000 r.p.m. and 22 ° C for 20 min. Microtubules (1.5 µM) were mixed with recombinantly expressed OsKCH1 variants in a 100 µl reaction volume in BRB80 buffer supplemented with 1 mM AMP-PNP. For control treatments, OsKCH1 variants were incubated in the absence of microtubules. The samples were incubated for 15 min at room temperature and then centrifuged at 80,000 r.p.m. for 10 min at 22 ° C in a TL-100 ultracentrifuge (Beckman, Krefeld, Germany). The supernatants were carefully removed and mixed with SDS sample buffer. The sediments were resuspended in an equal volume of BRB80 and also mixed with SDS sample buffer. Equal amounts of the sediment and supernatant samples were separated by 10 % SDS-PAGE and stained with Coomassie Brilliant Blue R (Sigma).
Polymerization of actin and actin binding assays
Actin fi laments were polymerized from monomeric rabbit skeletal muscle actin (Cytoskeleton Inc., Denver, USA) as follows: monomeric actin was diluted to a fi nal concentration of 0.4 mg ml -1 in buffer A (5 mM Tris-HCl pH 8.0, 0.2 mM CaCl 2 , 50 mM KCl and 2 mM MgCl 2 ) and clarifi ed by centrifugation (20,000 r.p.m., 10 min, 4 ° C). The supernatant containing monomeric actin was supplemented with 1 mM ATP and polymerized at room temperature for 1 h. Prior to each actin co-sedimentation assay the OsKCH1 protein preparation was pre-clarifi ed at 80,000 r.p.m. and 22 ° C for 20 min. Actin (1.5 µM) microfi laments were mixed with recombinantly expressed OsKCH1 variants in a 100 µl reaction volume in actin binding buffer. For control treatments the proteins were incubated in the absence of actin. After 1 h at 22 ° C, the samples were centrifuged at 80,000 r.p.m. for 1 h in a TL-100 ultracentrifuge (Beckman) at 22 ° C. The supernatants were carefully removed and mixed with SDS sample buffer. The sediments were resuspended in actin binding buffer and also mixed with SDS sample buffer. Equal amounts of the sediment and supernatant samples were separated by
